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a b s t r a c t
According to the recent high heat ﬂux (HHF) qualiﬁcation tests of ITER divertor target mock-ups and the
preliminary design studies of DEMO divertor target, the performance of CuCrZr alloy, the baseline heat sink
material for DEMO divertor, seems to only marginally cover the envisaged operation regime. The structural
integrity of the CuCrZr heat sink was shown to be affected by plastic fatigue at 20 MW/m². The relatively
high neutron irradiation dose expected for the DEMO divertor target is another serious concern, as it would
cause signiﬁcant embrittlement below 250 °C or irradiation creep above 350 °C. Hence, an advanced de-
sign concept of the divertor target needs to be devised for DEMO in order to enhance the HHF performance
so that the structural design criteria are fulﬁlled for full operation scenarios including slow transients. The
biggest potential lies in copper-matrix composite materials for the heat sink. In this article, three promising
Cu-matrix composite materials are reviewed in terms of thermal, mechanical and HHF performance as struc-
tural heat sink materials. The considered candidates are W particle-reinforced, W wire-reinforced and SiC
ﬁber-reinforced Cu matrix composites. The comprehensive results of recent studies on fabrication technol-
ogy, design concepts, materials properties and the HHF performance of mock-ups are presented. Limitations
and challenges are discussed.
© 2015 The Authors. Published by Elsevier Ltd.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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2. Introduction
Precipitation-hardened CuCrZr alloy has been the most favored
eat sink material used for the plasma-facing components (PFCs) of
ajor fusion devices [1–4]. Currently, CuCrZr alloy is also considered
s the baseline heat sink material for the water-cooled divertor tar-
et of DEMO reactors [5]. The main beneﬁt of using CuCrZr alloy as a
eat sinkmaterial for high heat ﬂux (HHF) applications lies in the fact
hat it offers unique combination of desired properties, namely, ex-
ellent thermal conductivity, strength at operation temperature, duc-
ility, toughness, machinability, water-tightness, and only moderate
ctivation. It is noted that the heat sink of a PFC is supposed to as-
ume structural function. This means that CuCrZr alloy shall be clas-
iﬁed and qualiﬁed as structural material for the heat sink of a PFC.
hus, the mechanical properties as well as thermal conductivity are
he key properties of interest. Details on this topic are discussed in
everal outstanding review articles in the literature [6–8].
However, in spite of the extraordinary virtues listed above, the
arsh loading environment expected for the PFCs of future fusion re-∗ Tel.: +49 89 3299 1373; fax: +49 89 3299 1212.
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352-1791/© 2015 The Authors. Published by Elsevier Ltd. This is an open access article undectors (e.g. DEMO) will be highly challenging for CuCrZr alloy as heat
ink material. For instance, the divertor target plate of a DEMO reac-
or shall be subjected to severe HHF loads on their surface which is
xpected to range, similarly to ITER, from 1 to 10 MW/m² during sta-
ionary operation and even up to 20 MW/m² in slow transient events
5,9]. The HHF fatigue qualiﬁcation tests conducted on ITER divertor
arget mock-ups showed that the CuCrZr heat sink tube as well as the
ungsten armor block could be visibly damaged at the limit heat ﬂux
oad of 20 MW/m² [1]. The technical speciﬁcation of the ITER divertor
equires that the divertor target PFC should be able towithstand 5000
HF cycles of stationary loads during normal operation and 300 cy-
les of slow transient loads. A DEMO divertor PFC will have to satisfy
imilar requirements of fatigue life as well. Currently, the European
EMO divertor design scheme is based on this assumption [10].
Furthermore, irradiation of fast neutrons is another critical issue.
t causes degradation of thermal and mechanical properties of mate-
ials. Embrittlement due to lattice damage is the most negative con-
equence of irradiation which raises a critical design issue in terms
f structural reliability. In the case of DEMO, the irradiation dose rate
n the divertor target (W, Cu) is estimated to range between 3 and
0 dpa (displacement per atom) per full power year (fpy), which is
igh enough to cause pronounced embrittlement in the CuCrZr heat
ink [11,12].r the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Fig. 1. Metallic elements with a thermal conductivity higher than 50 MW/m² together with the important criteria (in the legend) that should be fulﬁlled by a heat sink material for
the PFC application [5]. The elements marked with a dark grey box indicate that at least one of the criteria is not met.
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aIn the following we focus our discussion on the heat sink of di-
verter target, an in-vessel PFC to be exposed to the highest heat
ﬂux loads in a reactor. Given that the heat sink of a divertor tar-
get has to withstand both cyclic HHF loads and neutron irradiation
to a signiﬁcant extent, maintaining a superior heat conductivity and
suﬃcient mechanical stability at the predicted neutron dose is the
paramount requirement for heat sink material. In addition, ﬂexibil-
ity in the allowable operation temperature range is desired. In gen-
eral, increased operation temperature leads to thermal softening and
irradiation creep (above 300–350 °C) whereas the lowering of tem-
perature enhances irradiation embrittlement (below 200–250 °C)
[13].
In this context, there is a concern whether a CuCrZr-based heat
sink can fulﬁll the structural design criteria formulated for DEMO di-
vertor targets. This question is primarily related to the mechanical
performance of CuCrZr alloy under irradiation, since there are not
so many design options available. Therefore, the fundamental im-
provement of divertor target performance can be best realized by em-
ploying an advanced heat sink material. There have been steady R&D
efforts for developing high-performance heat sink materials for the
divertor target application. These novel materials are mostly copper-
matrix composites aiming at achieving higher strength and tough-
ness, but also reduced thermal stresses.
As a review article this paper presents an overview on the current
progress in the development of advanced heat sink materials. For the
sake of brevity, wewill consider only selectedmaterials of interest for
discussion. It is noted that the data collated here are gathered mostly
from the previous publications of author’s group. Thus, they do not
cover the whole hitherto achieved progress reported so far in the lit-
erature. The aim of this paper is to provide the readers with a ratio-
nale for material design and the state-of-the-art material concepts as
a potential reference for their metallurgical development.
2. Physical basis of CuCrZr alloy for heat sink application
It is worthy of mention that copper alloys (such as CuCrZr) seem
to be the only candidate heat sink materials for the PFCs, if it is to
be subjected to HHF loads higher than 5 MW/m². This point can be
clearlymanifested, when one scrutinizes the physical andmechanical
properties of all metallic elements having thermal conductivity rele-
vant for HHF applications. It should be also noted that the heat sinkaterial has to be used in nuclear environment. In Fig 1 the metal-
ic elements with a thermal conductivity higher than 50 MW/m² are
isted in descending order together with the important criteria (in
he legend) that should be fulﬁlled by a heat sink material for the
FC application [5]. The elements marked with a dark grey box in-
icate that at least one of the criteria is not met. The number(s) on
he top of each box stands for the failed criterion (or criteria), respec-
ively. It is noted that the thermal conductivity of steels lie around
0 W/m K only while that of pure iron is 80 W/m K. This material se-
ection scheme clearly supports the statement that copper alloys or
ossibly copper-based materials are the only reasonable candidates
or the heat sink of the PFCs.
In Table 1, some selected material properties of a standard Cu-
rZr alloy (ITER grade) are summarized for the un-irradiated and ir-
adiated state, respectively [6,11,14–16]. It should be noted that the
echanical properties depend sensitively on the microstructure (e.g.
rain size, the size distribution of precipitates and dislocations den-
ity) which is mostly determined by the thermo-mechanical treat-
ent during fabrication. In order to obtain desired hardness, CuCrZr
lloy is normally annealed at 430–470 °C for ca. 30–60 min after so-
ution heat treatment at ca. 900 °C. Higher strength can be achieved
hen cold working is combined before annealing. Moreover, the mi-
rostructure and thus the mechanical properties are likely modiﬁed
y the subsequent thermal history during the HHF operations. In par-
icular, a long-term thermal exposure of CuCrZr heat sink to excessive
emperatures (> 400 °C) leads to loss of strength (thermal softening)
ue to over-ageing where the precipitates undergo Ostwald ripening
osing their effective resistance as barrier against dislocation glide.
he impact of thermal history on the mechanical properties of Cu-
rZr alloy is treated in detail in the references [17–19].
. Performance of CuCrZr alloy under irradiation
At ﬁrst, we begin with a brief discussion on the design/material
nterface issue related to the heat sink application of CuCrZr alloy for
EMO divertor target. In the literature, there are a limited number
f, yet highly valuable tensile test data of irradiated CuCrZr alloy ob-
ained from irradiation test campaigns carried out at DEMO-relevant
emperature range (100–350 °C) and neutron dose (1–10 dpa)
14,20–22]. The trend of these experimental data can be summarized
s follows:
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Table 1
Physical and mechanical properties of CuCrZr alloya [6,11,14–16].
Un-irradiated Irradiatedb
Thermal conductivity (W/m K) 318 (RT) Up to 2 dpa at 20–350 °C
346 (300 °C) change is insigniﬁcant.
Coeﬃcient of linear thermal 16.7 (RT) as un-irradiated
expansion (×10−6/K) 18.0 (300 °C)
Young’s modulus (GPa) 127.5 (RT) as un-irradiated
118 (300 °C)
Yield stress (MPa) 407(RT) 259 (300 °C)
313 (300 °C)
Ultimate tensile stress (MPa) 452 (RT) 283 (300 °C)
325 (300 °C)
Uniform elongation (%) 5.9 (RT) 0.9 (300 °C)
0.5 (300 °C)
Total elongation (%) 10.0(RT) 10.2 (300 °C)
0.2 (300 °C)
Activation (after irradiation to Activity: 2.2 × 1011 (±38%) Bq/kg
20 dpa and post-irradiation Contact dose rate: 5.6 (±78%) mSv/h
cooling of 100 years) Decay heat: 5.6 (±38%) W/m3 or 6.2×10−4 W/kg
Swelling (%) 0.5 (100 dpa, 410 °C, very low transmutation rate)
0.3 (7 dpa, 330 °C, high transmutation rate)
Chemical composition (wt%) Cu (balance), Cr (0.6–0.9), Zr (0.07–0.15), trace impurities (< 0.15)
a Heat treatment A (solution annealing +cold work+ageing).
b Irradiation in range of 0.3–5 dpa, Ttest=Tirr .
s
u
h
a
i
t
p
r
c
r
a
[
o
4
w
s
s
b
5
r
[
t
t
S
d
t
c
n
t
a
s
1
f
r
v
h
b
n
c
h1. CuCrZr alloy exhibits substantial thermal recovery of cascade de-
fects when irradiated above 250 °C. At 250 °C the uniform elon-
gation is recovered up to about 4% which is suﬃciently large for
preventing brittle failure.
2. CuCrZr alloy exhibits apparent embrittlementwhen irradiated be-
low 200 °C where the uniform elongation is decreased down to
1–2%. With such embrittlement the tensile-stressed part of a heat
sink is likely to undergo necking and damage.
3. Notwithstanding the signiﬁcant reduction in uniform elongation,
CuCrZr alloy shows considerable total elongation before rupture
up to about 8% at lower temperatures say, 150 °C.
4. The fracture toughness of CuCrZr alloy is onlymoderately reduced
by irradiation even at low temperatures, e.g. 80 °C.
5. Softening is further fosteredwhen irradiated at 300–350 °C owing
to irradiation creep effect.
The features described above clearly suggest that CuCrZr alloy is
ubject to upper and lower temperature limits in order to be operated
nder irradiation without shortfall of any structural functionality as
eat sink.
Regarding the nuclear behavior, CuCrZr is classiﬁed as a medium
ctivation material, but the expected activation level after post-
rradiation cooling of 100 years following the DEMO operation life-
ime seems to be lower than the criterion of PDW (Permanent Dis-
osalWaste) which requires that the contact dose rate and decay heat
ate must be limited to 20 mSv/h and 10 W/m3, respectively [23]. In
ontrast to pure copper exhibiting signiﬁcant void swelling under ir-
adiation (5% after 10 dpa at 300–400 °C), CuCrZr shows only moder-
te swelling (< 0.5% at least up to 7 dpa) as indicated in the Table 1
15,16]. Thus, swelling will not be a concern for CuCrZr alloy in terms
f DEMO divertor application.
. Structural requirement for a water-cooled heat sink
The baseline design concept being currently considered for the
ater-cooled divertor target of a DEMO reactor is the ITER-like tung-
ten monoblock model equipped with a CuCrZr cooling tube as heat
ink [5,24]. An extensive ﬁnite element analysis of the HHF loading
ehavior of a typical tungsten monoblock target (W armor thickness:
mm) delivered the following features [25]:
1. At the coolant temperature of 150 °C the CuCrZr heat sink is
heated up to ca. 260 °C under heat ﬂux of 10 MW/m² and to ca.
350 °C under 18 MW/m².2. Under the same condition, the peak temperature at the tube inner
wall reaches up to ca. 230 °C and 290 °C, respectively. In this tem-
perature range CuCrZr alloy is likely to suffer from considerable
corrosion depending on water chemistry [26].
3. The temperature in the heat sink tube is predominantly below
200 °C even under 18 MW/m².
4. Thermal stress develops upon cooling while being relieved dur-
ing HHF loading. The thermal stress is concentrated in the upper
region of the cooling tube where heat ﬂux is concentrated.
5. If the CuCrZr heat sink maintains the initial strength with prime-
agedmicrostructure, the plastic strain is produced during the fab-
rication process only. In the course of the cyclic HHF loading the
heat sink readily enters into an elastic shakedown regime, thus
excluding the risk of low cycle fatigue.
6. On the contrary, the soft copper interlayer undergoes heavy plas-
tic fatigue due to large incremental plastic deformation. This im-
plies a possibility that the CuCrZr heat sink may also experience
plastic fatigue, when it should be operated in the irradiation creep
regime and thus be softened or damaged.
Fig. 2 illustrates the three kinds of design stress limit data of ir-
adiated CuCrZr alloy for the relevant operation temperature range
14]. Plotted are the elastic stress limits Sd, Se and Sm, collated in
he ITER SDC-IC code. Each of these design stress limits is related
o one of the non-brittle structural failure criteria formulated in the
DC-IC, respectively: immediate local fracture due to exhaustion of
uctility, immediate plastic ﬂow localization and progressive plas-
ic deformation (ratchetting). Also indicated are the major design
onstraints of a water-cooled divertor target in form of a bar code,
amely, the desired optimal coolant temperature (T≤∼150 °C), the
emperature range where severe corrosion is expected (∼200 °C≤T)
nd the most probable operation temperature range of a CuCrZr heat
ink (∼150 °C≤T≤∼380 °C) under heat ﬂux ﬂuctuations between 10–
8 MW/m².
The data curves in this diagram clearly show a drastic trade-off ef-
ect of temperature between ductility (Se) and strength (Sm) in the
ange from 200 °C to 350 °C. From the structural design point of
iew, the best operation temperature range for the irradiated CuCrZr
eat sink seems to be between 250 °C and 300 °C, the overlapping
and of acceptable Se and Sm. Of course, this range is obviously too
arrow to realize under the foreseen HHF loads. This unfortunate
ircumstance strongly suggests the need of novel high-performance
eat sink materials which could enable one to extend the allowable
10 J.-H. You /Nuclear Materials and Energy 5 (2015) 7–18
Fig. 2. Selected stress limits of CuCrZr alloy from the SDC-IC code plotted as a function
of temperature. The subscript ‘irr’ and ‘unirr’ stands for the data of an irradiated and
pristine specimen, respectively [14].
Table 2
Thermal conductivity data of fabricated Cu/SiCf composites
(Sigma ﬁber) measured by laser ﬂash method [33].
Vf (%) 300 (°C) 400 (°C) 500 (°C)
22 214 208 213
28 176 173 173
37 140 136 131
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5operation temperature range in both directions. In the following
chapters the basic rationale for materials design is explained and
three distinct examples of such candidate materials are presented.
5. Rationale for materials design for heat sink
The rationale for materials design can be directly derived from the
gap between the previously addressed design requirements of the
heat sink and the actual performance limit of the copper alloys. In
the following some key elements of the rational considered here are
summarized,
1. Very high thermal conductivity (>250 W/m K) with acceptable
activation and ductility as paramount prerequisite. In this regard,
only copper-base materials are considered.
2. High tensile strength at elevated temperatures (≤400 °C). The re-
quirements 1 and 2 can be best reconciled in form of a composite
material consisting of copper matrix and high-strength reinforce-
ments. The reinforcements should have a refractory nature.
3. The properties of a heat sink composite should be tailored in such
a way that the mismatch of elastic constants and thermal expan-
sion coeﬃcient (CTE) between the armor (i.e. tungsten) and the
heat sink is reduced as much as possible.
4. The design and fabrication of the composites should allow ﬂex-
ible adaptation to design for optimization. Fibrous or particulate
reinforcements offer such ﬂexibility.
5. The fabrication technology should be compatible with the com-
ponent manufacture process.
6. The candidate composites should possess plenty of internal inter-
faces which may act as a barrier to crack propagation or a site of
energy dissipation upon debonding, when embrittled.
Taking this rationale into account, three different types of com-
posite materials are considered in this article. In the following chap-
ters the recent progress and the state-of-the-art of the candidate ma-
terials are presented.. SiC ﬁber-reinforced Cu composite
.1. Motivation
Long SiC ﬁbers have been widely used as high-strength or high-
odulus reinforcements for various kinds of metal matrix or ce-
amic matrix composites. For instance, titanium matrix composites
einforced with continuous SiC ﬁbers have been developed for high-
emperature lightweight structural applications such as turbine rotor
ing of aircraft engines in industrial maturity [27].
Based on the similar concept and fabrication route, but aiming
t HHF applications, long SiC ﬁbers were applied to copper matrix
o develop PFCs with Cu/SiCf composite heat sink since early 2000 s
28–34]. There are various commercial products of SiCf ﬁbers with a
ide span of properties and diameters (∅: 10–140 μm). For develop-
ng Cu/SiCf composites only thick ﬁbers (∅ > 100μm)were employed
or the sake of easy manual handling in laboratory processing.
To date, two commercial products, SigmaTM ﬁber (∅: 105μm) and
CS6TM ﬁber (∅: 142μm), have been used for the R&D of Cu/SiCf com-
osites [32,33]. The ultimate tensile strength of the SiCf ﬁbers ranges
etween 3.2 (Sigma) and 4.4 (SCS6) GPa. The fracture strain is around
.8 (Sigma) or 1 (SCS6)%. The effective Young’s modulus ranges be-
ween 340 (Sigma) and 400 (SCS6) GPa. TheWeibull modulus of frac-
ure stress is around 15. The major virtues of SiCf ﬁbers are the excel-
ent high-temperature strength and benign neutron irradiation be-
avior (low activation, low helium production, low swelling and low
echanical impairment). The CTE of a SiC ﬁber is around 4.5 micros-
rains per Kelvin.
On the other hand, the quite low thermal conductivity
∼16 W/m K) of SiCf ﬁbers may seem to be a concern for heat sink
pplication [35]. However, the measured thermal conductivity data
f actually fabricated Cu/SiCf composites (Sigma) reveal that the ther-
al conductivity is far from being ‘too bad’ to be used as heat sink.
he conductivity is kept above 170 W/m K at the ﬁber volume frac-
ion (Vf) of 29 % and above 200 W/m K at the Vf of 23% up to 500 °C
s shown in Table 2 [33]. This result is highly encouraging, since the
trengthening effect by the ﬁbers begins to be signiﬁcant already at
f of about 20% as will be shown later.
The fabrication process of Cu/SiCf composites consists of following
teps:
1. Fixing of SiC ﬁbers (delivered as carbon-coated ﬁbers) to a frame
for handling.
2. Coating of the (C-coated) SiC ﬁbers with Ti (1 μm) by means of
magnetron sputtering.
3. Coating of the (Ti-coated) SiC ﬁbers with Cu (1 μm) by means of
magnetron sputtering.
4. Galvanic deposition of thick Cu mantle onto the surface of the
coated SiC ﬁbers.
5. Outgassing of the Cu-deposited ﬁbers in a hydrogen furnace.
6. Hot isostatic pressing of the bundle of the Cu-deposited ﬁbers in
a Cu capsule.
7. Machining.
Fig. 3 shows the typical microstructure of a Cu/SiCf composite
Sigma) imaged by confocal laser microscopy. The composite in this
icrograph had already undergone long-term thermal exposure at
50 °C for 400 h [34]. The ﬁbers exhibit slight damage in form of a
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Fig. 3. Confocal lasermicrograph image of a Cu/SiCf composite (Sigma ﬁber) after ther-
mal exposure at 550 °C for 400 h [34].
Fig. 4. Ultimate tensile strength data of two kinds of Cu/SiCf composites (solid sym-
bols: reinforced with Sigma ﬁbers, open symbols: SCS6 ﬁbers) [33].
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Fig. 5. Tensile curves of two unidirectional Cu/SiCf composite (Sigma ﬁber) tested at
RT. (Vf: 16% and 40%). The stress–strain curves weremeasured in longitudinal direction
[33].
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iore or crack which were absent in the as-fabricated state. However,
he interfaces and the matrix remained mostly intact after the ther-
al loading. Here, the ﬁbers were arrayed in an irregular pattern ow-
ng to manual fabrication, but an ordered array should be also possi-
le, provided an instrumented textile machine is employed. The grey
cale contrast reveals the constituent materials (W core, C-rich SiC,
-SiC, C coat) in the ﬁbers and grains (twins) in the matrix.
.2. Properties
The longitudinal ultimate tensile strength of unidirectional
u/SiCf composites exhibits a rule-of-mixture behavior, provided the
icrostructure is intact. In Fig. 4 the tensile strength data of unidi-
ectional Cu/SiCf composites are plotted for the Vf range from 15% to
0%. The data were obtained for two different kinds of Cu/SiCf com-
osites, each reinforced with Sigma or SCS6 ﬁbers and tested at RT
nd 300 °C, respectively [33].
At room temperature (RT) both types of Cu/SiCf composite
eached nearly the theoretical strength values as predicted by the
ule-of-mixture. When tested at 300 °C, however, the compositesxhibit more or less reduced strength. In particular, Cu/SiCf compos-
te exhibits more signiﬁcant strength reductionwhen reinforcedwith
CS6 ﬁbers than with Sigma ﬁbers. On the contrary, the Cu/SiCf with
igma ﬁbers seems to undergo only moderate degradation. This data
lot clearly demonstrates the highly effective reinforcing effect of SiC
bers even at 300 °C. The tensile strength of the Cu/SiCf composite
Sigma) reaches nearly 800 MPa already at the Vf of 30% at 300 °C.
his strength value may surpass by far the typical maximum tensile
tress in the divertor heat sink. The Young’s modulus of the compos-
tes approximately follows the rule-of-mixture as well in the axial
irection.
Fig. 5 shows the tensile curves of two unidirectional Cu/SiCf com-
osites (Sigma ﬁber) tested at RT, each with Vf of 16% and 40%, re-
pectively [33]. As expected, the global fracture strain in the axial di-
ection is determined by the fracture strain of the SiC ﬁber which
ies around 0.8%. In contrast to the high-Vf composite which fully
reaks immediately after the peak stress, the low-Vf composite ex-
ibits considerable residual stress even after the overall fracture of
bers. This is owing to the plastic work and strain hardening of the
oad-carrying Cu matrix. Such extensive plastic straining is not possi-
le in the high-Vf composite, since the volume of the Cu is too small
o that the yield criterion can hardly be met while hydrostatic stress
ay develop strongly.
Strong and thermally stable bonding of ﬁber/matrix interface is a
ritical requirement to reach high strength of Cu/SiCf composites. To
ealize such interface titanium thin ﬁlm (thickness:< 1μm) is coated
n the outer surface of carbon-coated SiC ﬁber forming a refractory
arbide ﬁlm during HIP (hot isostatic pressing) process. This TiC ﬁlm
s stronger than the internal SiC/C interface as shown in Fig. 6 which
hows a protruded ﬁber after a single ﬁber push-out test [33]. The
uter C mantle was separated from the main body of the SiC ﬁber
hile stuck to the Cu matrix.
The soundness and integrity of SiC ﬁbers in Cu/SiCf composites
s important for maintaining the thermal stability of microstructure
nd strength at high temperatures. This issuemay be particularly crit-
cal in the case of Sigma ﬁber, as it contains a substantial amount of
esidual silicon solutes. During long-term thermal exposure failure of
mantle and cracking of a SiC ﬁber may cause massive diffusion of
u into SiC forming brittle intermetallic phases leading to a signiﬁ-
ant reduction of strength. Fig. 7 illustrates a failed SiC ﬁber (Sigma)
n a Cu/SiC composite after thermal exposure at 550 °C for 400 h.f
12 J.-H. You /Nuclear Materials and Energy 5 (2015) 7–18
Fig. 6. SEM image of a protruded SiC ﬁber (Sigma) in a Cu/SiCf composite after a ﬁber
push-out test [33].
Fig. 7. SEM image of a failed SiC ﬁber (Sigma) in a Cu/SiCf composite after thermal
exposure at 550 °C for 400 h [34].
Fig. 8. Schematic illustration of a feasible conﬁguration of a ﬂat-tile type divertor tar-
get with a Cu/SiCf composite laminate as reinforcing interlayer [29].
Fig. 9. Variation of J-integral values at an interfacial crack tip (crack length: 0.5 mm)
of a ﬂat-tile type target during a HHF load cycle (heat ﬂux: 15 MW/m², pulse duration:
30 s) [29].
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silicides) [34].
6.3. Eligible design concept
Due to the high stiffness and brittleness thick SiC ﬁbers allow only
such ﬁber architectures that have either a straight array or a gentle
curvature. This limitation has the consequence that the most feasible
geometry of a Cu/SiCf composite heat sink should be of a rectangu-
lar form. In this sense, a Cu/SiCf composite might be best utilized for
strengthening the Cu alloy heat sink of a ﬂat-tile type divertor tar-
get as illustrated in Fig. 8. In the ﬂat-tile type target model thermal
stresses are dominated by the mismatch in CTEs between W and Cu.
Thus stresses are locally concentrated near the bond interface. As only
the highly stressed region needs to be reinforced, several stack layers
(ca. 10) would be suﬃcient for strengthening [29,30].
The intensity of interfacial stress concentration can be substan-
tially reduced by the presence of a composite interlayer owing to re-
duced mismatch in thermal strain, as the elastic constants and the
CTE of a Cu/SiCf composite would be of intermediate values between
those of W and Cu [28,36]. As a consequence, the driving force of
interfacial cracking is reduced accordingly as shown in Fig. 9. Fig. 9
plots the variation of J-integral values at an interfacial crack tip (crackength: 0.5 mm) of a ﬂat-tile type target (cf. Fig. 7) during a HHF load
ycle (heat ﬂux: 15 MW/m², pulse duration: 30 s). Upon HHF loading
he interfacial stress intensity rapidly decreases from the maximum
n the residual stress state and increases again upon cooling. It is seen
hat the cyclic amplitude of J-integral is much smaller in the presence
f Cu/SiCf composite interlayer than the conventional target [29]. This
ffect is indeed beneﬁcial for the integrity of the bond interface, as it
s the most vulnerable site in a ﬂat-tile type target.
A dedicated micromechanics study showed that the embedded
iC ﬁberswould experience only compressive stress during thewhole
HF load cycle of a ﬂat-tile target as shown in Fig. 10 [29]. Fig. 10 plots
he variation of themaximumprincipal stress in the ﬁber and thema-
rix of the Cu/SiCf composite interlayer (cf. Fig. 8) during a HHF load
ycle (heat ﬂux: 15 MW/m², pulse duration: 30 s). Although the mag-
itude of ﬁber stress is fairly high, the compressive stress would not
ause any fracture of the ﬁber. This is also a beneﬁcial feature in view
f the mechanical reliability of ﬁber.
.4. HHF performance
The overall HHF performance of a Cu/SiCf composite heat sink was
valuated by means of HHF fatigue tests using a dedicated test mock-
p as shown in Fig. 11 (a) [37]. The mock-up consisted of 8 tung-
ten ﬂat-tiles as armor, a Cu/SiCf composite interlayer and a water-
ooled CuCrZr heat sink block. The three parts were joined by means
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Fig. 10. Variation of the maximum principal stress in the ﬁber and the matrix of the
Cu/SiCf composite interlayer of a ﬂat-tile type target during a HHF load cycle (heat ﬂux:
15 MW/m², pulse duration: 30 s) [29].
Fig. 11a. HHF test mock-up consisting of 8 tungsten armor tiles, a Cu/SiCf composite
interlayer and a water-cooled CuCrZr heat sink block [27].
Fig. 11b. Metallographic cross section of the unidirectional Cu/SiCf composite inter-
layer in the test mock-up after HHF test at 10.5 MW/m² after 80 load cycles [37].
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ff brazing. The cross section of the composite interlayer is shown in
ig. 11(b). The Cu/SiCf interlayer had a thickness of 2.5 mm and con-
isted of 4 unidirectional stacks of ﬁber lamina (Vf : 14%).
It was demonstrated that the mock-up withstood HHF loads of at
east 10 MW/m² under hydrogen beam irradiation with water cooling
t RT. Fig. 12 illustrates the in-situ images of infrared red thermog-
aphy (a) and photography (b), respectively, measured during a HHF
atigue test at 10.5 MW/m² after 40 loading cycles [37]. The color con-
rast reveals that one tile failed while the other tiles remained still
ntact. Among the 8 tested armor tiles 7 tiles survived at least 80 loadycles. The premature failure was found to be interface debonding
ue to a fabrication ﬂaw.
The metallographic image of the Cu/SiCf interlayer in Fig. 11(b)
hows the post-mortem microstructure of the composite after the
HF test stated above. Conspicuous failure is found in several SiC
bers, though the majority of the ﬁbers and the matrix remained
ostly intact. A ﬁnite element analysis estimated that the Cu/SiCf
nterlayer is stressed up to 400 MPa (von Mises) and the tempera-
ure proﬁle ranges from 400 to 600 °C (W armor: 1040 °C) for the
iven HHF test condition. The predicted maximum stress level seems
o be allowable for the ﬁber axial orientation, but may be too high
or the transverse orientation, since the transversal strength is much
ower than the axial strength. Thus, a cross ply laminate architecture
ould be more advantageous in view of strengthening strategy. The
aximum temperature (600 °C) experienced by the Cu/SiCf inter-
ayer seems rather too high to preserve the chemical stability of the
ber/matrix interface for long-term operation. Hence, thermal man-
gement would be a challenging issue for this Cu/SiCf interlayer con-
ept.
In general, for the high-temperature heat sink application of cop-
er matrix composites, carbon ﬁbers may also be a candidate rein-
orcement material. However, for structural applications in nuclear
nvironment, carbon ﬁberswould not be an adequate reinforcingma-
erial because of their signiﬁcant swelling and strong tritium uptake.
. W wire-reinforced Cu composite
.1. Motivation
Tungsten wires are characterized by excellent tensile strength,
emarkable ﬂexural ﬂexibility and notable ductility. Fig. 13 plots
he typical tensile curves of a commercial tungsten wire (diameter:
25μm) before and after heat treatment at 1000 °C for 10 h. The ulti-
ate tensile strength reached 2.3–2.5 GPa and the rupture strain was
o less than 2.3%, which is relatively high compared to other kinds
f high-strength ﬁbers. High-temperature annealing is found to im-
rove ductility while strength is slightly reduced.
Fig. 14 shows the fractographic images of the rupture surface
f a commercial tungsten wire (diameter: 125 μm) after a tensile
est. In Fig. 14(a) the wire exhibits apparent plastic necking in the
icinity of rupture site indicating that substantial plastic deformation
ook place locally. The microscopic image of the fracture surface in
ig. 14(b) reveals that the overall fracture was initiated by local plas-
ic rupture of individual long grains aligned longitudinally. This mi-
roscopic rupture feature explains the origin of the global ductility of
ungsten wires.
The ductility of tungsten wires, although being moderate, has a
uge effect on the statistical reliability of tungsten wires against fail-
re. In Fig. 15 four Weibull plots of tensile strength are presented for
wo different kinds of tungsten wires (diameter: 75 and 125 μm),
achwith andwithout heat treatment at 1000 °C for 10 h. TheWeibull
arameters extracted from these plots range from 190 to 220 which
s very high. The largeWeibull parameters indicate that the statistical
cattering of strength data of tungsten wires is extremely small.
The combination of very high strength and moderate ductility
s an ideal condition for use as ﬁbrous reinforcement. The resulting
oughness and ﬂexural ﬂexibility enables easy handling and high-
urvature winding in manufacture process. Tungsten wires offer
urther advantages such as high thermal conductivity, excellent wet-
ability and insolubility in copper, refractory nature and diverse com-
ercial availability. All these beneﬁcial properties make tungsten
ire uniquely attractive as reinforcement material.
Fig. 16 shows a micrograph of the metallographic section of a
ungsten wire-reinforced copper composite (Wf/Cu) fabricated by
IP process [38]. Dense wire packing without matrix pore or inter-
acial defect is demonstrated.
14 J.-H. You /Nuclear Materials and Energy 5 (2015) 7–18
Fig. 12. In-situ images of infrared red thermography (a) and photography (b) measured during HHF fatigue test at 10.5 MW/m² after 40 loading cycles [37].
Fig. 13. Typical tensile curves of a commercial tungsten wire (diameter: 125 μm) be-
fore and after heat treatment at 1000 °C for 10 h.
Fig. 15. Weibull plots of tensile strength plotted for two different kinds of tungsten
wires (diameter: 75 and 125 μm), each with and without heat treatment at 1000 °C
for 10 h.
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l7.2. Properties
Wf/Cu composites have been extensively characterized already in
1950s by the researchers at NASA as an ideal model system for in-
vestigating ﬁber-reinforced metal matrix composites [39,40]. Com-
prehensive reviews on the properties of Wf/Cu composites are found
elsewhere [41]. According to the NASA reports, the most remarkableFig. 14. Fractographic images of the rupture surface of a commercial tungsten wire (diame
image of the fracture surface.eature of the mechanical behaviors of Wf/Cu composite materials
s the fact that the major strength properties such as ultimate ten-
ile stress, yield stress and stress-rupture stress as well as physical
roperties such as elastic modulus and thermal conductivity obey the
ule-of-mixtures nearly perfectly over a wide range of wire volume
raction. This outstanding quality feature is owing to the toughness
f tungsten wires and excellent interfacial adhesion. In Table 3 se-
ected material properties of Wf/Cu composites are summarized [41].ter: 125 μm) after a tensile test. (a): whole ruptured cross section, (b): microscopic
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Fig. 16. Micrograph of the metallographic section of a Wf/Cu composite.
Fig. 17. Schematic illustration of a feasible design concept of a W monoblock-type di-
vertor target with a Wf/Cu composite tube [42].
Table 3
Selected material properties of W wire-reinforced Cu composites [41].
Vf: 20% Vf: 40%
Ultimate tensile stress (MPa) 500 (RT) 960 (RT)
330 (650 °C) 540 (650 °C)
290 (810 °C) 500 (810 °C)
Yield stress (MPa) 470 (RT) 920 (RT)
Stress-rupture stress (MPa) at 1000 h 220 (650 °C) 420 (650 °C)
180 (810 °C) 320 (810 °C)
Thermal conductivity (W/m K) 300 (RT) 235 (RT)
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Fig. 18. Proﬁle of tungsten wire stress plotted along the thickness direction of the
Wf/Cu composite cooling tube at the most stressed region in a W monoblock-type di-
vertor target. Stress proﬁles are plotted for two different stages of a HHF load cycle
[42].
Fig. 19. Water-cooled tungstenmonoblock testmock-upwith aWf/Cu composite cool-
ing tube [43].
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whe data shows that one can achieve a pronounced strengthening ef-
ect without sacriﬁcing the thermal conductivity too much by means
f tungsten wire reinforcement.
.3. Eligible design concept
The high ﬂexural ﬂexibility of tungsten wires allows fabrication
f a cylindrical composite tube with a relatively small diameter (10–
2 mm) and thickness (1–2 mm). Using a thin wire (diameter: ca.
00 μm), production of a Wf/Cu composite tube with a multilay-
red winding architecture is also feasible. This technical possibility
ts very well with the geometry of a monoblock-type divertor target.
ig. 17 illustrates one of the candidate design concepts which in-
orporate an integrated W /Cu composite tube as heat sink [42].fhe zoom lens highlights the multiply wound architecture of wire-
einforcement in a schematic way.
A rigorous ﬁnite element simulation study of HHF loading be-
avior was carried out by the author by use of a dedicated
icromechanics-based elasto-plastic constitutive equation [42]. The
ual scale stress analysis delivered a positive prediction that themax-
mum tensile stress of the reinforcing tungsten wires in the Wf/Cu
omposite tube would not exceed the ultimate tensile strength of
he W wire. The result of this stress assessment is given in Fig. 18
here the proﬁle of tungsten wire stress is plotted along the thick-
ess direction of the Wf/Cu tube at the most stressed region (nearest
o the heat-loaded surface) in a W monoblock-type divertor target.
he graph shows that the highest stress would occur at the tube in-
er wall in the residual stress state after fabrication while the ther-
al stress would be signiﬁcantly relieved upon HHF loading. The lo-
al peak stress under a typical HHF load reaches roughly 1600 MPa,
hich is indeed far below the tensile strength of W wire.
.4. HHF performance
A HHF loading test was conducted by the researchers at the IPP
arching on a water-cooled tungsten monoblock mock-up equipped
ith a Wf/Cu composite cooling tube. The test mock-up is shown in
ig. 19 [43]. The Wf/Cu composite tube was fabricated using cross
inding of wires by means of hot isostatic pressing at 650 °C and
00 MPa for a half hour. The tube was then joined to four tungsten
locks by brazing. Under a HHF loading test at 10 MW/m² two blocks
ere cracked at the braze interface in the early stage of test due to
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Fig. 20. Metallographic cross section of a successfully tested block of the mock-up
after 25 thermal load cycles at 10 MW/m² [43].
Fig. 21. Microstructure of a Wp/Cu composite with the Vf ratio of 50:50 (the bright
phase stands for tungsten) [44].
Fig. 22. Typical tensile stress-strain curves of Wp/Cu composites (tungsten Vf: 50%)
obtained at three test temperatures [44].
Table 4
Selected material properties of W particle-reinforced Cu composites [44].
Vp of W: 30% Vp of W: 50%
Ultimate tensile stress (MPa)a 353 (300 °C) 450 (300 °C)
184 (550 °C) 253 (550 °C)
Total elongation (%) 10–12 (300 °C) 5–6 (300 °C)
4–7 (550 °C) 3–6 (550 °C)
Young’s modulus (GPa) 155 (300 °C) 175 (300 °C)
130 (550 °C) 160 (550 °C)
Coeﬃcient of thermal expansion (×10−6) 13.3 (150 °C) 9.7 (150 °C)
14.4 (550 °C) 10.3 (550 °C)
Thermal conductivity (W/m K) 300 (300 °C) 240 (300 °C)
307 (600 °C) 244 (600 °C)
a CuCrZr alloy: 318 MPa at 300 °C, 170 MPa at 550 °C.
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sfabrication defect while the other two blocks withstood 25 load cy-
cles without failure. The temperature of the inner tube reached up to
250 °C at the coolant temperature of 15 °C.
Fig. 20 shows the metallographic cross section of a success-
fully tested block of the mock-up after 25 thermal load cycles
at 10 MW/m². It is found that both the brazed interface and the
wire/matrix interfaces in the composite remained fully intact indi-
cating obviously promising performance.
8. W particle-reinforced Cu composites
8.1. Motivation
One of the conventional forms of W/Cu composites is the mixture
of tungsten particulates as reinforcing constituent and copper ma-
trix. Such W particle-reinforced Cu composites (Wp/Cu) offer similar
merits as Wf/Cu composites do. Power-metallurgical routes are well-
established to fabricate Wp/Cu composites. Recently, the researchers
at IFAMDresden developed a two-step fabrication process [44]. In the
ﬁrst step, a porous skeleton made of tungsten particles is produced
by means of power-metallurgical techniques (compaction, debinding
and sintering) with tailored porosity. In the second step, copper al-
loy melt is inﬁltrated into the pores with the help of pressure. This
technique is quite straightforward, allows near-net-shape production
with a graded composition and can be scaled up for industrial manu-
facture.
In the same way asWf/Cu composites do, Wp/Cu composites offer
dual beneﬁts, namely, (local) strengthening of heat sink and reduc-
tion of thermal stress through reduced thermal strain mismatch. The
metallurgical ﬂexibility in terms of processing and microstructural
design makes Wp/Cu composites highly attractive for the engineer-
ing of water-cooled divertor target.
Fig. 21 is a scanning electron micrograph showing the microstruc-
ture of a Wp/Cu composite with the Vp ratio of 50:50 (the bright
phase stands for tungsten). It is found that the tungsten skeleton is
completely ﬁlled with copper owing to the excellent wettability be-
tween tungsten and copper.
8.2. Properties
Selected material properties of Wp/Cu composites are summa-
rized in Table 4 [44]. The two reference materials (Vp: 30%, 50%) usedor the measurement were fabricated by the IFAM processing route.
ypical tensile stress–strain curves of Wp/Cu composites (tungsten
p: 50%) obtained at three test temperatures are plotted in Fig. 22.
The ultimate tensile stress data indicates a signiﬁcant strengthen-
ng effect of the composites in comparison tomonolithic CuCrZr alloy,
n particular, at the higher Vp of tungsten. In the case of Vp = 50%, the
ensile strength is increased by more than 40% at 300 °C and nearly
0% at 550 °C.
On the other hand, ductility is strongly reduced by tungsten inclu-
ions compared to the high ductility of CuCrZr. The failure strain data
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Fig. 23. Flat tile type composite target concept consisting of tungsten ﬂat tile armor,
Wp/Cu composite heat sink block and CuCrZr alloy (or Wf/Cu composite) cooling tube
bonded to the composite via Cu interlayer.
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Fig. 24. Test mock-up consisting of castellated tungsten tiles, CuCrZr alloy heat sink
block with a cooling channel and functionally graded Wp/Cu composite interlayer be-
tween the armor and heat sink. The composite interlayer consisted of three layers
(thickness: 1.5 mm for each) each with a different composition (Vf: 30, 50, 70%), re-
spectively [45].
Fig. 25. shows a micrograph of the metallographic section of the Wp/Cu composite
interlayer after a HHF test at 20 MW/m² (3 cycles) [45].
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txhibit a notable scattering. In spite of the strong reduction of total
longation, the ultimate tensile strain values are still larger than the
xpected strain range (∼1%) in the heat sink, thus posing no critical
tructural issue.
The thermo-elastic properties of Wp/Cu composites lie within the
ntermediate range between those of tungsten and copper. Thus, the
otential of the tungsten reinforcement tomitigate the thermal strain
ismatch between armor and heat sink is obviously implied.
.3. Eligible design concept
Owing to the relatively high thermal conductivity, high-
emperature strength and acceptable toughness as structural mate-
ial,Wp/Cu composites is best suitable for bulk heat sink rather than a
ube. As direct exposition of copper to plasma has to be avoided, cov-
ring of tungsten armor with suﬃcient thickness is still needed. The
esulting design solution is the ﬂat tile type target concept consisting
f tungsten ﬂat tile armor, Wp/Cu composite heat sink block and Cu-
rZr cooling tube bonded to the composite via copper interlayer as
llustrated in Fig. 23. Wf/Cu composite could replace the copper alloy
s well for the cooling tube.
.4. HHF performance
In order to evaluate the structural reliability of Wp/Cu composite
aterial under cyclic HHF loads, a simpliﬁed demonstrator mock-up
as fabricated as illustrated in Fig. 24 [45]. The test mock-up con-
isted of castellated tungsten tiles, CuCrZr alloy heat sink block with a
ooling channel and functionally graded Wp/Cu composite interlayer
etween the armor and heat sink. The composite interlayer again
onsisted of three layers each with a different composition (Vp: 30,
0, 70%), respectively. The layers had thickness of about 1.5 mm each.
Cyclic HHF tests were conducted on three mock-ups at a hydro-
en beam irradiation facility (GLADIS). All mock-ups withstood HHF
oads of 15 MW/m² up to 50 load cycles without failure (coolant tem-
erature: RT). One of the mock-ups could survive even 20 MW/m².
ig. 25 shows a micrograph of the metallographic section of the
p/Cu composite interlayer after a HHF test at 20 MW/m² (3 cycles)
emonstrating an intact microstructure with no defect [45].. Concluding remarks and outlook
In this article, three most promising Cu-matrix composite ma-
erials were reviewed in terms of thermal, mechanical and HHF
erformance as structural heat sink materials. The considered can-
idates were W particle-reinforced, W wire-reinforced and SiC
ber-reinforced Cu matrix composites. These composites underwent
xtensive metallurgical development since a decade and reached
mature engineering stage on a laboratory scale. All of the three
omposites exhibited far superior ultimate tensile strength at ele-
ated temperatures compared to CuCrZr alloy. In particular, thermal
onductivity was only moderately degraded by the reinforcements
p to 50%. The essential beneﬁts of Cu matrix composites for the
eat sink application are two-fold, namely, enhancement of higher-
emperature strength and reduction of thermal stress by mitigating
18 J.-H. You /Nuclear Materials and Energy 5 (2015) 7–18
[the thermal strain mismatch. Cyclic HHF tests demonstrated positive
potential that the composite target mock-ups survived several tens
of HHF load cycles at 10 or 15 MW/m² without structural or material
failure of the composite heat sinks.
For future application to the DEMO divertor target, the industrial
scale production technology needs to be developed. In addition, the-
oretical methodology for the modeling of deformation, damage and
fracture needs to be established for the formulation of structural fail-
ure criteria. Comprehensive materials test data including irradiation
tests are urgently required to support nonconventional structural de-
sign efforts. Though all three types of the composite materials dis-
cussed in this article have unique advantages and technological po-
tential for the application to the DEMO divertor PFCs respectively, the
composites of W/Cu systems with W wires or W particles as rein-
forcement seem to have the biggest potential both from the fabrica-
tion and the design point of view.
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